AMPA and kainate receptors, along with NMDA receptors, represent different subtypes of glutamate ion channels. AMPA and kainate receptors share a high degree of sequence and structural similarities, and excessive activity of these receptors has been implicated in neurological diseases such as epilepsy. Therefore, blocking detrimental activity of both receptor types could be therapeutically beneficial. Here, we report the use of an in vitro evolution approach involving systematic evolution of ligands by exponential enrichment with a single AMPA receptor target (i.e. GluA1/2R) to isolate RNA aptamers that can potentially inhibit both AMPA and kainate receptors. A full-length or 101-nucleotide (nt) aptamer selectively inhibited GluA1/2R with a K I of ϳ5 M, along with GluA1 and GluA2 AMPA receptor subunits. Of note, its shorter version (55 nt) inhibited both AMPA and kainate receptors. In particular, this shorter aptamer blocked equally potently the activity of both the GluK1 and GluK2 kainate receptors. Using homologous binding and whole-cell recording assays, we found that an RNA aptamer most likely binds to the receptor's regulatory site and inhibits it noncompetitively. Our results suggest the potential of using a single receptor target to develop RNA aptamers with dual activity for effectively blocking both AMPA and kainate receptors.
Ionotropic glutamate receptors mediate the majority of excitatory neurotransmission in the mammalian central nervous system (CNS) and are indispensable for brain development and function (1, 2) . The ionotropic glutamate receptor family includes three receptor subtypes that can all be activated upon binding of glutamate: ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA), kainate, and N-methyl-D-aspartate (NMDA) receptors (1) (2) (3) . Compared with NMDA receptors, AMPA and kainate receptors are more alike in both sequence and structure (3, 4) . AMPA receptors are expressed post-synaptically and are involved in fast excitatory neurotransmission (1) . Kainate receptors are expressed both pre-and post-synaptically, and contribute to excitatory neurotransmission and modulate network excitability by regulating neurotransmitter release (5, 6) .
AMPA and kainate receptors are widely expressed in the brain. AMPA receptors have four subunits, i.e. GluA1-4. GluA1-3 are enriched in the hippocampus, outer layers of the cortex, olfactory regions, lateral septum, basal ganglia, and amygdala, etc. (7, 8) . The expression of the GluA4 subunit is low to moderate throughout the CNS, except in the reticular thalamic nuclei and the cerebellum where its level is high (9 -11) . Kainate receptors have five subunits, i.e. GluK1-5. At the mRNA level, GluK1 is highly abundant in the neocortex, hypothalamus, and the hindbrain, whereas GluK2 is highly abundant in the cerebellum. GluK3 is widely distributed in the brain. GluK4 is enriched in the hippocampus (CA3 pyramidal cells). GluK5 is abundant in the neocortex, hippocampus (dentate gyrus and CA2, 3 pyramidal cells), and cerebellum (granule cells) (12, 13) . At the protein level, GluK2 is one of the major kainate receptor subunits in the hippocampus and cerebellum (14) . AMPA and kainate receptors may also jointly participate in some neurological activities. For example, kainate receptors mediate excitatory postsynaptic currents (EPSCs) 2 of small amplitude and slow decay at mossy fiber synapses, whereas AMPA receptors mediate fast and large EPSC (15) . The postsynaptic kainate receptors at these synapses can be also selectively blocked, leaving synaptic AMPA receptors unaffected (16, 17) .
There should be a utility of developing antagonists that can effectively block both AMPA and kainate receptors. This is because AMPA and kainate receptors are both involved in some neurological diseases; epilepsy is an example. A study of GluK2-deficient mice has revealed that hippocampal neurons in the CA3 region express both AMPA and kainate receptors, and both receptor types are involved in seizures (18) . Entorhinal cortex, a highly epilepsy-prone brain region, also expresses GluA1-4 and GluK5 (19) . In both human patients and animal models of temporal lobe epilepsy, the axons of granule cells that normally contact CA3 pyramidal cells sprout to form aberrant glutamatergic excitatory synapses onto dentate granule cells (20 -22) . The formation of aberrant mossy fiber synapses onto dentate granule cells has been suggested to induce the recruitment of kainate receptors in chronic epileptic rats. These granule cells express AMPA receptors as well, especially GluA1 and GluA2 subunits (23) . Other examples that involve both receptor types include acute and chronic pain activated through interior cingulate cortex (15, 24) . Together, these lines of evidence suggest that antagonists capable of blocking the activity of both AMPA and kainate receptors should be useful. In fact, a nonselective AMPA/kainate receptor inhibitor, tezampanel (NGX424; Torrey Pines Pharmaceutics), reduced both migraine pain and other symptoms in a Phase II trial. NS1209 (NeuroSearch A/S), another non-selective AMPA/kainate receptor antagonist, was also shown in Phase II studies to alleviate refractory status epilepticus and neuropathic pain (25) .
Currently, compounds that do act on both receptor types are by and large competitive inhibitors, and are small molecules. For example, 6-cyano-7-nitroquinoxaline-2,5-dione (CNQX) and 2,3-dihydro-6-nitro-7-sulfamoylbenzo-f-quinoxaline (NBQX) are such inhibitors but both are more potent and selective toward AMPA receptors (K I ϭ 0.27 and 0.06 M, respectively) than toward kainate receptors (K I ϭ 1.8 and 4.1 M, respectively) (26 -28) . CNQX shows only a limited selectivity for AMPA versus kainate receptors (affinity ratio ϳ7), whereas NBQX is considered more of an AMPA receptor antagonist (affinity ratio ϳ70). However, orthosteric inhibitors or drugs tend to exhibit more significant side effects due to their binding to homologous receptors sharing a similar binding site (29) . In contrast, the antagonistic action of noncompetitive inhibitors is more preferable. However, noncompetitive inhibitors with equal or nearly equal dual activities on both AMPA and kainate receptors have not been reported (28, 30) . In fact, the number of noncompetitive inhibitors developed to date toward kainate receptors is considerably limited (28) .
Here we report an RNA aptamer capable of blocking AMPA and kainate receptors without affecting NMDA receptors, and this dual functionality depends on the length of the RNA. On the kainate receptor side, the aptamer or precisely the shorter length aptamer inhibits GluK1 and GluK2 equally well. Yet the full-length, original aptamer selectively inhibits GluA1/2 complex channels, along with the GluA1 and -2 subunits. This aptamer has been identified from a large RNA library (ϳ10 14 sequence variations) using an in vitro evolution approach known as systematic evolution of ligands by exponential enrichment (SELEX) (31) (32) (33) (34) . Because the aptamer is an RNA molecule, it is water soluble by nature. Therefore, this aptamer represents a new class of inhibitors as an alternative to existing small-molecule antagonists for AMPA and kainate receptors.
Results

Design principle
To find an aptamer that may possibly act on both AMPA and kainate receptors, we attempted to choose a single receptor as the target of selection using SELEX. This was possible given that AMPA and kainate receptors share a high degree of sequence and structural homologies (2) . Furthermore, given its size, an RNA from our library may bind to the surface of a receptor topologically. As a result, the larger area of interaction with the receptor, as compared with the interaction of a small molecule, may generate sufficient multivalent binding interaction so that an RNA could bind to and inhibit both AMPA and kainate receptors. In contrast, using multiple targets may likely enable the identification of individual aptamers with singular activity. We further decided to choose an AMPA receptor (i.e. GluA1/2R; see detail below), rather than a kainate receptor, as that single receptor target. This was because there are more noncompetitive inhibitors of AMPA receptors (30) than those of kainate receptors (28) . Developing antagonists against kainate receptors in general has been far more challenging (28) .
Among all possible AMPA receptor types, we decided to choose GluA1/2R as the target of selection. GluA1/2R is an important channel type (12, (35) (36) (37) . For example, in CA1 hippocampal pyramidal cells, ϳ80% of synaptic and Ͼ95% of somatic extrasynaptic receptors express GluA1/2R heteromers (37) . In addition, isolating a target-specific aptamer by SELEX can be significantly facilitated by the use of a binder as the displacement, such as an inhibitor, so that the RNA molecules that bind to the same or a mutually exclusive site can be eluted or selected. However, to find an aptamer capable of recognizing and acting on both AMPA and kainate receptors, we avoided using any known binder. Instead, we used urea after the binding step to denature both the target and possibly all bound RNA molecules, thereby allowing us to select and screen the maximal number of RNA molecules bound to all possible sites on the target. It should be further noted that the choice of using GluA1/2R channel type seemed more appropriate, because to date there is no known selective antagonist targeting the GluA1/2R channel. Therefore, these design features were intended to provide us with the maximum possibilities of finding an RNA aptamer with dual activity on both AMPA and kainate receptors.
Aptamer selection using SELEX
To select RNA aptamers, we used SELEX (31, 32) , which involves multiple cycles or rounds. Each round consists of RNA-receptor binding, RNA elution, RT-PCR amplification, followed by enzymatic transcription from the DNA library to regenerate a new RNA library or pool (31, 32) . For the target preparation for binding with potential RNA aptamers, GluA1/2R receptors were transiently expressed in HEK-293S cells. To ensure the channel was functional, we used membrane fragments containing the holo-GluA1/2R receptors (38) . At the elution step of each round, bound RNAs were dissociated from the receptor using a urea solution. A total of 10 rounds of selection were completed for the SELEX experiment. To minimize the evolution of nonspecific RNAs, we ran a negative selection after rounds 5, 7, and 9. A negative selection consisted of HEK-293S cell membrane fragments lacking only the GluA1/2R receptor, which was used to "filter" or absorb RNAs bound to any other target, but GluA1/2R, from that RNA library. The RNA library that was treated by a negative selection was then used for positive selection, which was involved in exposure of the RNA library to the GluA1/2R receptor. Therefore, running a negative selection was to suppress the evolution of any nonspecific RNAs or enhance the evolution of RNAs that specifically recognize the GluA1/2R target during the SELEX operation.
Identification of functional RNAs
After 10 SELEX rounds, we cloned the 9th and 10th DNA libraries. From a total of 89 clones (i.e. 38 clones from round 9, and 51 from round 10), we identified three consensus sequences (Fig. 1A) . Specifically, we considered a sequence to be consensus if that sequence appeared at least three times of a pool of 89 clones. The most populous or enriched sequence was named AB9 (Fig. 1A) . This RNA represented 16% of the pool at round 9, but had grown to 80% of the pool by round 10. The second enriched sequence was named AB11 (Fig. 1A) ; AB11 was identified by a single sequence in round 9, but had grown to 11% by round 10. The third sequence, AB12, represented 4% of the pool at round 10. All others were single sequences. These three enriched sequences were our candidates for functional assays.
Based on these corresponding DNA sequences, we prepared the three RNAs by enzymatic transcription. The full-length RNAs were purified using a cylindrical PAGE ("Experimental procedures") for functional testing. Specifically, each of the RNAs was measured for its putative ability of inhibiting the glutamate-induced whole-cell current amplitude through the GluA1/2R channel, because GluA1/2R was used as the SELEX target. Based on the ratio of the whole-cell current amplitude in the absence and presence of an aptamer, A/A(I), we found that the most enriched sequence, AB9, was indeed an inhibitor for GluA1/2R (see a pair of representative traces in Fig. 1B) . None of the other two RNAs (the two lower sequences in Fig. 1A ), however, exhibited any inhibition of GluA1/2R (i.e. the average of A/A(I) Ϸ 1, in the inset of Fig. 1B) . In this assay, we used 50 M and 3 mM glutamate concentrations to assay an aptamer with the closed-channel and open-channel forms, respectively (see under "Experimental procedures"). At 50 M glutamate concentration, most of the AMPA receptor population was in the closed-channel form (i.e. ϳ96% were in the closed-channel form). In contrast, at 3 mM glutamate concentration, the majority of the AMPA receptor channels were in the open-channel form (38) . We also observed AB9 only inhibited the closed-channel, but not the open-channel, form at the same aptamer concentration.
Identification of the minimal, functional aptamer sequence
Next we truncated the full-length aptamer AB9 to identify the minimal, but functional, sequence. This experiment is customary to reveal secondary structural motifs of an RNA essential for its biological function. Guided by the Mfold program, we designed a series of shorter RNAs based on the sequence of AB9 (Fig. 2) , and tested them by whole-cell recording assay to establish whether a truncation caused any loss of function against the GluA1/2R receptor. We found the two sequence segments, colored by blue and red in Fig. 2 , were essential for the inhibitory property of the aptamer. The shortest aptamer was a 55-nt RNA, named as AB9s, which carried these two sequence segments ( In the truncation experiment, we also observed that (i) a truncated RNA that contained either the blue or red sequences alone was nonfunctional (Fig. 2B) ; and (ii) removing the long, central sequence section, which is largely based-paired in the full-length RNA (i.e. the sequence in black in the left panel of Fig. 2B ) but with the two, colored sequence segments intact, did not affect the inhibitory properties. The truncated RNA was, however, still 78-nt long, and thus was not a minimal RNA, as compared with the 55-nt AB9s (Fig. 2B, right panel) . 
Homologous competition binding with AB9s and AB9 for determining binding affinity
We next attempted to determine the binding affinity of AB9s, the shorter aptamer. To do this, we prepared 32 P-labeled AB9s and ran a homologous binding assay (39) with the GluA1/2R lipid membrane. Because AB9s exhibited full inhibitory activity against GluA1/2R (Fig. 2C) , we anticipated it would bind to the receptor, yielding a specific binding signal or net radioactivity due to bound AB9s to the receptor. Surprisingly, however, we were unable to observe any specific radioactivity (Fig. 3A) . We suspected the failure of observing any radioactivity due to binding of 32 P-labeled AB9s to GluA1/2R could be attributed to a fast off-rate of the binder during the washing phase ("Experimental procedures"). Washing after binding was necessary to minimize nonspecific binding of the 32 P-labeled aptamer. In our experiment, after washing twice with ice-cold buffer, the amount of the bound 32 P-labeled aptamer dropped too low to be detected, presumably due to a fast dissociation rate. We then hypothesized the full-length aptamer might have a slower offrate, yielding a detectable specific radioactivity. Because AB9 is almost twice as long as AB9s, the full size AB9 aptamer would have a stronger multivalent interaction overall with its site in the same receptor as compared with the shorter counterpart, assuming both bind to the same site. A larger RNA should also have a larger topological surface, therefore covering a larger area of the binding site. As such, the full-length aptamer could bind tighter, and prolong its dissociation from the receptor site.
Using the same homologous binding assay, we carried out the binding experiment with 32 P-labeled AB9 and GluA1/2R lipid membrane. Indeed, the full-length AB9 exhibited a dosedependent radioactivity due to the binding of AB9 (Fig. 3B) . As a control, we did not observe any appreciable (or beyond background) radioactivity when we exposed 32 P-labeled AB9 to HEK-293 cell membrane that contained no GluA1/2R. We then determined the binding affinity or K d of the full-length AB9 to be 98 Ϯ 40 nM (Fig. 3B) . This affinity is comparable with a variety of RNA aptamers we have previously selected to inhibit In all of these assays, 32 P-labeled aptamer was used with the GluA1/2R lipid membrane (see "Experimental procedures"). Triplicate experiments were run for each aptamer. In B, the full size aptamer AB9 showed binding signal or radioactivity, whereas the shorter AB9s aptamer showed essentially no signal, in A. For aptamer AB9, the original radioactivity was normalized to 100%. The original radioactivity was averaged using the first three data points in B. The binding constant, K d , for the binding of AB9 to the unliganded GluA1/2R was determined to be 98 Ϯ 40 nM, using Equation 1 ("Experimental procedures"). In C, glutamate at various concentrations did not displace bound AB9.
homomeric AMPA receptors, including those subunit-selective and open-channel formation-selective aptamers (38, 40, 41) . The fact that the full-length aptamer exhibited detectable radioactivity in the homologous binding experiment, but the shorter aptamer did not, was consistent with our hypothesis. It should be further noted that the bound, 32 P-labeled AB9 could not be displaced by glutamate even when glutamate was used at saturating concentrations (Fig. 3C) . This result suggested that the receptor site to which the aptamer was bound was not the agonist-binding site.
Subunit selectivity of AB9s and AB9
Because the full-length and the truncated aptamers were found to inhibit the heteromeric GluA1/2R channel, the SELEX target, we then expanded the functional assay to other receptor subunits and/or channel types. Using whole-cell recording, we similarly measured the A/A(I) value against a panel of glutamate receptors (Fig. 4) . Specifically, the shorter aptamer (AB9s) also inhibited GluA1 and -2Q, and to some extent GluA3 homomeric AMPA receptors; more prominently, however, AB9s also inhibited GluK1 and GluK2 kainate receptors (Fig.  4A ). This aptamer did not inhibit NMDA receptors (i.e. GluN1/2A and GluN1/2B) (Fig. 4A) . These results demonstrated that aptamer AB9s is a desired inhibitor of AMPA and kainate receptors. It should be noted that GluK1 and GluK2 can form homomeric kainate channels, whereas the two NMDA receptor complexes are two dominate receptor types found in vivo (3), and none of the NMDA receptor subunits can form functional channels on its own (42) . Interestingly, the fulllength aptamer AB9 has shown a different selectivity profile (Fig. 4B) as compared with the short aptamer (Fig. 4A) . The full-length aptamer exhibited a slightly less overall potency toward AMPA receptors; the largest reduction of the inhibitory potency from the full-length AB9 aptamer was toward GluK1 and GluK2 kainate receptors (Fig. 4B) , when compared with the shorter AB9s aptamer. Specifically, to validate the t test result, which showed an apparent weak inhibition of AB9 on the GluK1 open state or the GluK2 closed state (as compared with the theoretical A/A(I) mean value of zero inhibition, i.e. 1.0, in Fig. 4B ), we used the same assay with AB9 but at a higher aptamer concentration, and observed a higher A/A(I) value or a clearer reduction of current amplitude (supplemental Fig. S1 ). This experiment also validated that the full-length AB9 was selective to GluA1 and GluA2 or the GluA1/2R AMPA channel.
Because the shorter aptamer or AB9s was a strong inhibitor of both GluK1 and GluK2 homomeric channels, we further collected the A/A(I) value in a series of aptamer concentrations for a better characterization of its inhibition. We found (Fig. 4C ) that AB9s inhibited both the open-and closed-channel forms of the GluK1 homomeric channel, whereas AB9s only inhibited the closed-channel, but not the open-channel form of the GluK2 channel. The corresponding K I value was determined (Fig. 4C) . The comparison of the K I value (i.e. the closed-channel form only) but with the two different kainate receptor subunits showed AB9s exhibited a similar potency for GluK1 and GluK2, because the K I for the closed-channel form of GluK1 and GluK2 was 3.0 Ϯ 0.1 and 2.9 Ϯ 0.2 M, respectively (Fig.   4C ). In addition, AB9s also inhibited the open-channel form of GluK1 with a K I of 2.2 Ϯ 0.2 M.
Discussion
In this report we describe two novel RNA aptamers. The full-length, original RNA aptamer seems to selectively inhibit the GluA1/2R heteromeric channel. It is probably not surprising that AB9 also inhibits GluA1 and GluA2 individually. However, the shorter version of this aptamer or AB9s has "inherited" the inhibitory activity of the longer aptamer but most prominently AB9s is now a strong inhibitor of GluK1 and GluK2, the two key kainate receptor subunits, with equal potency (Fig. 4) . As expected, neither aptamer has any effect on NMDA receptors (Fig. 4) . To our knowledge, such a selectivity profile for an antagonist (i.e. AB9s) with dual inhibitory properties has not been previously reported. In fact, the shorter aptamer with a 55-nt length, which bears two key sequence segments found in the full-length aptamer AB9 (Fig. 1B) , seems just as potent, if not even more potent, on the two kainate receptor subunits, as compared with the AMPA receptors (Fig. 4, A and B) .
When the secondary structures of these two RNA constructs are compared (Fig. 2B) , the shorter aptamer harbors the minimal, functional sequences, marked by blue and red. Yet the full size RNA aptamer contains a stretch of based-paired sequence in the middle (Fig. 2B) . Although the centrally located, basedpaired sequence segment is not essential for the biological activity of the aptamer for GluA1/2R, the SELEX target (Fig.  2C) , the full size aptamer with the central sequence segment seems to enable the aptamer to bind more selectively and thus inhibit more selectively the AMPA receptors. Consistent with this notion is that the full size aptamer most likely enables the AB9 to bind tighter to the receptor, thereby slowing the rate of dissociation of the aptamer from the site, as compared with the shorter RNA. On the other hand, truncating the central basepaired sequence segment of the full-length aptamer, which results in the 55-nt shorter version, has unleashed the power of the aptamer to potently block kainate receptors. The origin of this enhancement due to a smaller size, as compared with the full size aptamer, is unclear at the present.
Virtually all known kainate receptor antagonists have a stronger affinity and potency toward GluK1 than any other kainate receptor subunits (28) . Almost all that inhibit GluK2 actually have stronger potency toward GluK1 (28) . In this context, it is unique that AB9s is nearly equally effective in inhibiting both the GluK1 and GluK2 kainate receptors; AB9s further possesses a nearly identical potency for both the AMPA and kainite receptors (Fig. 4A) . Among the existing inhibitors of either AMPA or kainate receptors, NBQX does inhibit roughly equally well both GluK1 and GluK2; but NBQX is considered an AMPA receptor inhibitor, because it inhibits AMPA receptors Ͼ8-fold stronger (28) . Glutamylaminomethyl sulfonic acid marginally distinguishes kainate from AMPA receptors, based on various in vivo and in vitro tests, including a test in a seizure model (43) (44) (45) (46) . However, glutamylaminomethyl sulfonic acid shows a significant antagonism of NMDA receptors (47) . In contrast, AB9s can block the activity of both AMPA and kainate receptors equally well without appreciable NMDA receptor activity. In addition, because the aptamer is an RNA molecule, it is a water-soluble antagonist, different from almost all of the existing antagonists for either AMPA or kainate receptors.
The experimental design by which we used a single SELEX target (i.e. GluA1/2R) in a single SELEX operation to evolve a single RNA aptamer that acts on both the AMPA and kainate receptors turns out to be an effective way of generating RNA inhibitors with a desirable inhibitory versatility. The success of this approach relies on the high degree of sequence and structural similarities not only between the kainate and AMPA receptor subtypes but also within a single receptor subtype.
More precisely, no place shows a higher structural similarity than the site to which AB9 binds, although at the moment, we do not know the location of this site. We do know, however, this site is unlikely the agonist-binding site. Several lines of evidence suggest that this site may be noncompetitive. (i) That glutamate cannot displace the radiolabeled aptamer supports that the aptamer does not bind to the agonist site as a competitive inhibitor. (ii) The shorter aptamer in particular inhibits both the open-channel and the closed-channel forms of both GluK1 kainate receptor and GluA3 AMPA receptor. The inhibition of both forms is a strong indication of a noncompetitive inhibitor (48) . An uncompetitive inhibitor or more commonly termed "open-channel" blocker would only inhibit the open-channel but not the closed-channel form (48) . In contrast, a noncompetitive inhibitor binds to a regulatory site through which its inhibition can be realized independently of ligand concentration (48) . It should be also noted that AB9s inhibits only the closed-channel form of GluK2, but the same aptamer inhibits both the closed-and open-channel forms of GluK1. It is therefore likely that the same aptamer may act on GluK1 differently from GluK2. Their sites on the two receptors may not be the same.
As a proof of concept, we have shown that using a specially designed SELEX experiment has enabled us to isolate a new type of antagonist or RNA aptamer with a potential of exerting a length-dependent, dual inhibitory activity on AMPA and kainate receptors. Such a strategy may be applicable to identify other types of RNA aptamers that perhaps bind to a site, even a new site, covering a larger "footprint" on the receptor than traditionally a small molecule inhibitor. A large interactive interface may provide enough similarity and difference as well to allow the binding of a large macromolecule like RNA to use perhaps different modules to inhibit similar receptor targets, even though only a single receptor target is used to discover such an RNA though molecular recognition and interaction. As shown in Fig. 4B , because the full-length aptamer or AB9 was in the original RNA library, it may not be surprising that AB9 is still preferentially selective in inhibiting the target or the GluA1/2R heteromeric channel, and the similar subunits, i.e. GluA1 and GluA2Q, although AB9 has weak activity on other subunits such as GluA3 and the two kainate receptors (supplemental Fig. S1 ). However, removing the central sequence segment has turned this aptamer into a much better inhibitor of the GluK1 and GluK2, the two key kainate receptor subunits.
Obviously, the limitation of our aptamer, such as AB9s, in its potential application in vivo is that its dual inhibitory activity cannot be decoupled. However, one possibility to overcome that limitation is to systematically mutate the sequence of the nucleotides in AB9s, due to its shorter sequence and better inhibitory properties than the full size aptamer, and hopefully identify key residues so that its dual activity can be decoupled. If that happens, we would have an additional ability to mix and match two or more aptamers with more different concentrations to achieve a greater control of the AMPA and kainate receptor functions in vivo. Finally, it should be noted that RNA aptamers can be delivered to the CNS by bypassing the bloodbrain barrier using a variety of drug delivery approaches, including intracerebroventricular (ICV) and intrathecal (IT) injection. These approaches have been used for delivering proteins (49) , peptides (50) , and RNAs (51) as drugs or drug candidates. However, therapeutic RNA aptamers are generally chemically modified to contain 2Ј-fluoro or 2Ј-O-methyl groups, for instance, making them resistant to degradation by endogenous nucleases, and therefore improving their pharmacokinetic properties (52) .
Experimental procedures
Transient receptor expression and cell culture
The cDNAs encoding the rat GluA1-4 AMPA receptors, two representative NMDA receptors (i.e. GluN1a/2A and GluN1a/2B) and kainate (GluK1 and GluK2) receptors, were prepared as previously described (38, 40, 41) . Each of these receptors was transiently expressed in HEK-293S. The cell line was maintained in Dulbecco's modified Eagle's medium containing 10% fetal bovine serum in the presence of 1% penicillin in a 37°C, 5% CO 2 , humidified incubator. The HEK-293S cells were co-transfected with large T-antigen; those used for recording were also co-transfected with the plasmid encoding green fluorescent protein (40) . After 48 h the transfected cells were used either for electrophysiology or harvested for SELEX. The membrane fragment containing holo-receptors was prepared as described (40) .
For SELEX, the GluA1/2R complex channel was used. GluA2R is the edited isoform of GluA2 at the Gln/Arg editing site (53) . At this site, a glutamine (Gln-607) is replaced by an arginine (Arg) (53) (54) (55) . Unlike the edited Q isoform or GluA2Q, GluA2R is largely unassembled and endoplasmic reticulum-retained (56) . When expressed alone in HEK-293 cells, GluA2R channels exhibit a very low conductance of ϳ300 femtoseimens (57) . However, GluA2R is readily assembled with other AMPA receptor subunits, such as GluA1, forming functional channels. Experimentally, we used a ratio of 4:1 or 4 parts of the GluA2R plasmid (by weight) to one part of GluA1 plasmid for transfection to ensure the formation of GluA1/2R (58, 59) . To confirm the formation of the GluA1/2R channel, we used whole-cell recording and measured the current-voltage (I-V) relationship. Specifically, GluA1 homomeric channels (and any other AMPA receptors lacking GluA2R) exhibited an inwardly rectifying I-V relationship, whereas an I-V relationship for GluA1/2R, was linear (58, 60 -62) .
For selectivity assays, we expressed all GluA1, -2Q, -3, and -4 AMPA receptors, along with GluA1/2R, in HEK-293 cells for whole-cell recording. For kainate receptors, we only used GluK1 and GluK2 as representative kainate receptors for the assay, and each can form homomeric functional channels. We did not use GluK3 for the assay, because GluK3 has an EC 50 value of Ͼ4 mM (63), and glutamate concentration at synapses is thought to be Ͻ1 mM (64) .
Receptor preparation for binding study
The GluA1/2R receptor used in the binding study was prepared from the HEK-293 cell membrane, as previously described (38, 40) . Briefly, the cells were rinsed with cold phosphate-buffered solution (PBS), then collected in cold PBS containing 0.5 mM EDTA, and 1 mM phenylmethanesulfonyl fluoride (PMSF). The cells were spun down and homogenized using a pestle (Potter-Elvehjem) in cold 50 mM Tris acetate buffer containing 10 mM EDTA and 1 mM PMSF. The fragmented cell membrane was then pelleted down by centrifugation at Ͼ17,000 ϫ g for 25 min, and then re-suspended in external buffer (see next section), with a final concentration of 5 mg/ml.
The concentration of the receptor embedded in the cell membrane fragments was determined using [ 3 H]AMPA (38, 40) . [ 3 H]AMPA was allowed to bind at different concentrations until saturation was reached, thus giving a maximum counts per min (cpm) per unit membrane (in mg). Using a standard curve of radioactivity versus concentration of [ 3 H]AMPA, we established the concentration of the AMPA receptor/mg of membrane fragments. It should be noted that the concentration readout from the working curve was equal to the concentration of a single AMPA receptor subunit. The concentration of the channel was four times smaller, assuming each channel was composed of four subunits.
In vitro selection
The preparation of the RNA library and the protocol for running SELEX with the GluA1/2R receptor are previously described (40) . In the first round, the RNA library containing ϳ10 14 random sequences was dissolved in extracellular buffer (2.5 M, final concentration). The extracellular buffer contained 3 mM KCl, 150 mM NaCl, 1 mM MgCl 2 , 1 mM CaCl 2 , 10 mM HEPES (pH 7.4). In the initial binding mixture, the final concentration of the membrane-bound receptor in the HEK-293 membrane fragments (40) was 7 nM. The RNA library/receptor mixture was first incubated for ϳ1 h between 23 and 37°C; an 8 M urea solution was used to denature and elute bound RNAs. The eluted RNAs were subject to RT-PCR. For sequencing, pGEM-T easy vector (Invitrogen) was used to clone a DNA library. Sequence comparison from the selected clones allowed us to identify enriched sequences for functional assay (see text for detailed explanation).
Homologous binding assay
A 32 P-labeled aptamer was prepared (40) . The final concentrations of the receptor and labeled/cold aptamer were 1 and 20 nM, respectively. The working stock of the hot/cold aptamer had ϳ2,500 cpm (the background had ϳ80 cpm). The binding mixture (300 l) was incubated at 4°C for 4 h. The mixture was then split to 100 l each, and loaded onto a presoaked nylon filter (VWR, catalog number 82031-362, 0.45-m pore size; this filter as we found retained insignificant level of RNA). The membrane bound with the hot aptamer was washed with icecold extracellular buffer twice. One wash (from buffer loading to the end of the spin filtration at 1,500 g force and 4°C) took ϳ5 min to complete. The radioactivity on the filter was determined by scintillation counting (Beckman LS6500). The binding signal (Y) was plotted against the concentration of the RNA aptamer. Assuming a one-site binding model, we determined the K d of the aptamer bound to the receptor by fitting the binding data to Equation 1 (39) , where [hot] and [cold] are the concentrations of the unbound hot aptamer and cold aptamer; NSB represents any nonspecific binding, and B max is the maximal number of receptor binding sites (65) . Glutamate solution was also used in separate experiments to assess whether the aptamer was bound to the agonist site.
RNA purification
We prepared RNA by enzymatic transcription and purified the desired RNA for functional assay. For purification, we used a Bio-Rad PrepCell, a continuous elution PAGE apparatus (66) . Specifically, a 12% urea PAGE gel was cast in 1ϫ TBE (Tris borate-EDTA) buffer. The gel was run at 150 V for 20 h, at a 1-ml/min flow rate. The RNA elution was monitored with a UV detector at 254 nm; and the pooled fractions were concentrated using an Amicon filtration centrifuge tube (3 kDa molecular weight cutoff). The TBE buffer in the sample was exchanged with extracellular buffer, and the concentration of the RNA sample was determined using a Nanodrop 1000 spectrophotometer.
Whole-cell current recording
The activity of an aptamer was assayed using whole-cell recording at Ϫ60 mV and 22°C (38, 40, 41, 66) . The electrode used for whole-cell recording had a resistance of ϳ3 M⍀ in the intracellular electrode solution, which contains 110 mM CsF, 30 mM CsCl, 4 mM NaCl, 0.5 mM CaCl 2 , 5 mM EGTA and 10 mM HEPES (pH 7.4, adjusted using CsOH). The extracellular buffer was described previously. For assay with NMDA channels, the electrode solution contained 140 mM CsCl, 1 mM MgCl 2 , 0.1 mM EGTA, and 10 mM HEPES (pH adjusted to 7.2 with Mg(OH) 2 ). The extracellular solution contained 135 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl 2 , 10 mM glucose, and 5 mM HEPES (pH 7.2 adjusted with NaOH); 100 M glycine was added to the extracellular buffer. The glutamate induced whole-cell current was recorded using an Axopatch-200B amplifier at a cutoff frequency of 2-20 kHz, using a built in four-pole Bessel filter. The current was digitized at a sampling frequency of 5-50 kHz using a Digidata 1322A instrument from Axon Instruments. Data were collected using a pClamp 8.
Data analysis
Whole-cell current amplitude in the absence and presence of an aptamer, A/A(I), as a function of aptamer concentration was used to determine an apparent inhibition constant (K I,app ) (Equation 2) (38, 40, 41, 66) . Equation 2 is derived based on the assumption by which an inhibitor binds to one site on the receptor (38, 40, 41, 66) . ͑AL 2 ͒ represents the open-channel conformation with n ϭ 2 (note that n ϭ 2 is just an example to show the K I,app , can depend on ligand concentration, see below) (38, 40, 41, 66) . I is the concentration of the inhibitor, whereas L is the ligand concentration. ⌽ represents the channel opening equilibrium constant.
When glutamate was at a low concentration (L Ͻ Ͻ K 1 ), most of the receptors in the population were in the closed-channel conformation. Under this condition, the K I we determined using Equation 2 the reflected closed-channel conformation. Likewise, when the glutamate concentration was at a saturation level (L Ͼ Ͼ K 1 ), the majority of the receptors were in the openchannel conformation. Thus the K I was related to the openchannel form. Based on this rationale, we used the two ligand concentrations that corresponded to ϳ4 and ϳ96% fractions of the open-channel form to measure the inhibition constant for the closed-and open-channel conformations (38, 40, 41, 48, 66, 67) .
Statistical data analysis
Each data point used for A/A(I) plot was an average of at least three measurements, each of which was from an individual cell. Uncertainties are representative of the standard deviation from the mean. The significance of inhibition was evaluated by a one-sample two-tailed Student's t test with the null hypothesis being H 0 : ϭ 0 ϭ 1, 1 being the theoretical value of no inhibition. An asterisk indicates p Յ 0.05, whereas the two asterisks indicate p Յ 0.01. The difference between the open-and closedchannel forms was determined by the use of a two-sample, twotailed, Student's t test with the null hypothesis being H 0 : 1 ϭ 2 . All analysis, including a non-linear fit for homologous competitive binding and plotting was performed using Origin 7. 
